Prewetting transition is studied for the square-well fluid of attractive-well diameter f f f f = 1.5 in the presence of a homogeneous surface modeled by the square-well potential of attractive well from 0.8 f f to 1.8 f f . We investigate surface phase coexistence of thin-thick film transition using grand-canonical transition matrix Monte Carlo ͑GC-TMMC͒ and histogram reweighting techniques. Molecular dynamics ͑MD͒ and GC-TMMC are utilized to predict the properties of the fluid for various surface fluid affinities. Occurrences of prewetting transition with the variation of surface affinity are observed for a domain of reduced temperature from T * = 0.62 to 0.75. We have used MD and GC-TMMC+ finite size scaling ͑FSS͒ simulations to calculate the boundary tension as a function of temperature as well as surface affinity. Boundary tensions via MD and GC-TMMC + FSS methods are in good agreement. The boundary tension increases with the decrease of wall-fluid affinity. Prewetting critical properties are calculated using rectilinear diameter approach and scaling analysis. We found that critical temperature and density increase with the decrease of wall-fluid affinity.
I. INTRODUCTION
Morphological transition in the presence of surfaces plays an important role in various industrial applications. Relative strengths of surface-fluid and fluid-fluid interactions can lead to various phase transitions such as prewetting, layering, and capillary condensation. 1 Coexistence phases of vapor and liquid in contact with an attractive solid surface can induce two different kinds of phenomena. For strong attractive surface the fluid molecules spread across the surface ͑in the form of thick film͒, leading to complete wetting of the surface. On the other hand, a nonwetting behavior is exhibited, if the fluid molecules are weakly adsorbed on the surface, so that the interactions between the fluid molecules becomes stronger than those between the wall and the fluid molecules. 2 In such case partial wetting occurs in the adsorbed film, which consists of a layer of vapor bubbles and liquid drops. Wetting transition is closely associated with a temperature called wetting temperature T w at which adsorption state transforms from partial wetting to complete wetting. Below the wetting temperature the thickness of the film adsorbed on the surface remains finite at all pressures, which are below the bulk saturation pressure. Above wetting temperature, prewetting transition occurs when there is a first order transition between the thin and thick films adsorbed on the surface. This prewetting transition terminates at prewetting critical point T cpw , where thin and thick films ͑surface states͒ become indistinguishable. In 1977, Cahn 2 predicted the existence of wetting transition through a two-phase mixture of fluids near a third phase, surface. Independently, Ebnar and Saam 3 also predicted wetting and prewetting transition of argon film adsorbed onto a weakly attractive solid carbon dioxide surface. The authors used the density functional theory ͑DFT͒ for the prediction of wetting transition. Since then, DFT has been widely used to study wetting phenomena. 4 Experimental evidences, which came much later, support the prediction of prewetting transitions. Examples can be found for helium adsorption on Cs ͑Refs. 5 and 6͒ and Rb, 7 liquid hydrogen on various substrates, 8 and acetone on graphite. 9 Phase transition in the presence of surfaces has been studied using various molecular simulation techniques in addition to theory and experiments. Finn and Monson 10 were first to study the prewetting transition of argon molecules on solid carbon dioxide system using isothermal-isobaric Monte Carlo ͑MC͒ method. Subsequently, few more groups have utilized different molecular simulation methodologies [11] [12] [13] [14] to understand the prewetting transition. Phase equilibria calculations of the thin-thick film have become much easier with the advent of simulation techniques such as transitional matrix Monte Carlo ͑TMMC͒, 15 multicanonical sampling, 16 and histogram reweighting. 17 Errington recently revisited the prewetting transitions of model argon on solid carbon dioxide and successfully demonstrated the use of grand-canonical transitional matrix Monte Carlo ͑GC-TMMC͒ to predict the wetting temperature 18 and boundary tension. 19 In this work, we investigate prewetting transitions of a model system based on square-well potential and demonstrate the equivalence of MC and molecular dynamics ͑MD͒ methods in the calculation of boundary tension. Also, GC-TMMC method is a͒ used to study the first order wetting behavior of a squarewell fluid in the extreme range of potential parameters. In prediction of boundary tension of the thin-thick film, the concept of finite size scaling ͑FSS͒ method has attracted less attention and hence forms a secondary object of our study. We utilize MD and GC-TMMC simulations to explore the thermodynamics of thin-thick film phases on a surface and present comparison of the results via the above two methods. The paper is organized as follows. Section II describes the models used in this study as well as our simulation methods. Section III presents the results of phase coexistence of thinthick films with the variation of the strength of substrate potential and the details of boundary tension calculation using MD as well as GC-TMMC simulations. Section IV concludes our study.
II. MODEL AND METHODOLOGY
One of the simple pair potentials containing both the attractive and repulsive forces is square-well ͑SW͒ potential. Owing to its simplicity, this model has been widely used to study phenomena related to phase coexistence and interfacial properties of simple fluid. [20] [21] [22] [23] [24] [25] [26] [27] Henderson and Swol 28 used SW model to understand wetting transition. The SW potential is also used as a model for the colloidal [29] [30] [31] and globular protein solutions. 32, 33 In this work fluid-fluid interaction is modeled as SW potential, which is represented as
where f f , f f , and f f are hard sphere diameter, potential well depth, and well diameter of fluid-fluid potential, respectively. Fluid-wall interaction is also modeled by the following SW-type potential:
where wf and wf are corresponding parameters for fluidsubstrate potential. In this work, units are adopted such that f f and f f are unity and f f = 1.5 and wf = 1.8. Wall-fluid interaction wf is varied from 2 to 5 in units of f f . All lengths are in units of core diameter f f .
In grand-canonical ensemble, for a fixed temperature T, chemical potential , and volume V, the probability of visiting a microstate s with particles N͑s͒ and configuration energy E͑s͒ probability is given by the following expression:
where ⌶ is grand-canonical partition function, ⌳ is de Broglie wavelength, ␤ =1/ k B T, and k B is Boltzmann's constant. We adopted the methodology as shown in Ref. 18 to get the macrostate probability from the probability transition matrix. We employed the possible state changes by deletion, addition, and displacement of MC moves. For the moves S → S, S → S − 1, and S → S + 1, the detailed balance can be simplified to give the macrostate probability as
To enhance the probability of transition from one phase to another phase, we utilize multicanonical sampling 16 with a weighting function ͑S͒ =−ln ⌸͑S͒. We modify the acceptance criteria in the presence of the bias as follows:
͑5͒
Histogram reweighting techniques 17 is used to obtain the chemical potential that gives the phase coexistence of the thin-thick film.
We use Binder formalism 34 to calculate infinite size boundary tension, between thin and thick films, from a series of finite size calculations. If L is interfacial tension for a system of box length L, then the boundary tension for infinite system is given by
where c 1 and c 2 are constants and F L represents the free energy of the thin-thick interface for a finite system size L. Helmholtz potential, for the thin-thick film on a substrate ͑see Fig. 1͒ , for the infinitesimal and reversible transformation is given by
where F is the Helmholtz free energy, A is the substrate area, H is the distance between the upper wall and the substrate, S is the entropy, is the boundary tension between thin and thick films on the substrate, P is the pressure, and T is the temperature. Expression above has taken into account implicitly that the change in the density is across the x direction. For a constant substrate area A, H, the total number of particles N, and T, the boundary tension is expressed as follows:
͑8͒
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Hence, thin-thick boundary tension is given by
The factor "2" in Eq. ͑10͒ accounts for the two interfaces in the simulations. P xx is the pressure tensor component in the x direction, which is perpendicular to the thin-thick film interface ͑see Fig. 1͒ . P yy is the pressure tensor component in the y direction, which is parallel to the thin-thick film interface. Pressure-tensor components, in this work, are obtained from the virial formalism. 35 For pairwise-additive potentials the expression is
where is the number density, r ij is the vector between the center of mass of molecules i and j, and f ij =−ٌu ij is the force between them; the angle brackets indicate ensemble or time average. For discontinuous potential such as those used in this study, the forces are impulsive, having infinite magnitude but acting for an infinitesimal time. When integrated over time each collision contributes a well-defined amount to the average in the following expression:
where t sim is the total simulation time and the sum is over all collisions occurring in this time; ⌬p ij is the impulse associated with the collision between molecules i and j. Prewetting critical temperature has been calculated in the literature using various techniques. 11, 36 In this work, we have estimated the critical parameters of the thin-thick film by using the coexistence data and the least squares fit of the following scaling law:
where ͑N / A͒ l and ͑N / A͒ v are surface densities of thick and thin films, respectively, and C and ␤ cpw are fitting parameters. The critical temperature T cpw estimated from Eq. ͑13͒ is used to calculate the critical density ͑N / A͒ c from the least squares fit of the following equation:
where D is a fitting parameter. One side of the simulation box was chosen as a surface plane with attractive square-well potential. The opposite side was chosen to be repulsive wall to keep the fluid inside the simulation box. The height of the box was set to a fixed value of 20 in z direction ͑see Fig. 1͒ to avoid the effect of repulsive wall on the attractive surface. The other sides of the box L x and L y were equal in length in GC-TMMC simulations. The lateral variation of the box in these two dimensions represents varied system sizes with surface areas of L x ϫ L y . GC-TMMC simulations for calculating surface thinthick saturated densities and pressures are conducted on AMD Opteron CPUs. Although simulations can be done using single CPU, we utilized the parallizable nature of transition matrix and used [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] CPUs to calculate the data. Four independent runs were performed to calculate the statistical error.
MD has been previously used to determine the prewetting transition.
14 In current investigation, we have utilized the method for the calculation of boundary tension and compared the performance with that of GC-TMMC. Initially, we place molecules on the attractive surface of the simulation box with L z constant ͑same as in GC-TMMC͒ such that initial surface density is slightly higher than coexistence surface density of the thick film. Second step is to create a vacuum by expanding the simulation cell in x direction such that L x =3L y . Periodic boundary condition is applied only in x and y directions. MD simulations are conducted using ETOMICA 37 package. Equilibration period is performed in a canonical ͑NVT͒ ensemble. During equilibration, the temperature was kept constant by momentum scaling, with all momenta multiplied by an appropriate factor at the end of each time step such that the total kinetic energy of the system is consistent with the equipartition value of the temperature. 35 Production period is conducted in microcanonical ͑NVE͒ ensemble. The reduced time step ⌬t * ͑in units of ͱ m / ͒ was fixed at 0.04.
The simulations were conducted with the system size of 2000 particles. We have taken 10 5 time steps as equilibration period and equal number for production steps.
III. RESULTS AND DISCUSSIONS
We first present the adsorption isotherms calculated using GC-TMMC simulation and histogram reweighting technique. The isotherms were calculated for a system corresponding to simulation box size of 9 ϫ 9 ϫ 20 for which maximum number of particles in the GCMC simulations was kept at 300. Figure 2 presents the surface density ͑number of Figure 3 shows the adsorption isotherms for wf = 3.0 for different temperatures. As the temperature increases, the density of thick film decreases and that of thin film increases. Prewetting chemical potential increases with the increase of temperature. Figure 4 shows the thin-thick coexistence surface density probability distribution for wf = 3.0 for different temperatures. Such distribution is evaluated at prewetting chemical potential. To determine prewetting chemical potential from the probability distribution generated at chemical potential away from the coexistence chemical potential, the distribution data are reweighted until areas under two peaks, corresponding to thin-and thick-film phases, are equal. Figure 5 presents the results of surface phase coexistence of the thin-thick film as a function of temperature for different wall-fluid interaction energies wf using GC-TMMC. These calculations were made using simulation box size of 9 ϫ 9 ϫ 20. Maximum number of molecules for the simulation was kept at 300. Effect of wall-fluid interaction seems insensitive on the thin-film density at lower temperature. However, as the temperature increases, the thin-film density is distinctly increased for higher wf . Contrary to the thinfilm case, the effect of wall-fluid interaction is prominent on the thick-film density. There are distinguishable differences in the densities of thick films even at lower temperature. Simulation data presented in Fig. 5 indicate that at a given temperature surface density of thick film is found to be higher for the case of weak attractive surface. To understand the effect of wall-fluid affinity on the structure of thin and thick films, MD simulations are conducted for various wallfluid interaction strengths. Figure 6 presents the density profiles of thin-thick film phases for T * = 0.68. Two peaks are observed in both phases for different wall-fluid affinities. The peaks are observed at L z = 0.8 and 1.8, respectively. Density for the two layers formed for the surface film is higher for 
044708-4
Singh, Sarma, and Kwak J. Chem. Phys. 128, 044708 ͑2008͒ stronger wall-fluid affinity; consequently beyond the wallfluid interaction range, L z = 1.8, the molecules for the lower wall-fluid affinity system tend to stick together, leading to higher density compared to higher wall-fluid affinity system. It is the density at position larger than wf = 1.8 from the wall appears to make a considerable impact on the overall number density of the thin and thick films. As wall-fluid interaction increases, the thick-film density decreases. The effect of wall-fluid affinity is much stronger at higher temperature, consequently, change in the surface critical behavior is observed with the change of wall-fluid interaction strength ͑see Fig. 5͒ . Phase coexistence data of Table  I are fitted to Eqs. ͑13͒ and ͑14͒ to obtain the critical points. The values of critical parameters for various wall-fluid interactions, shown by filled symbols in Fig. 5 , are listed in Table  II . Finite size effect is found to be prominent for temperatures greater than T * = 0.74, hence to remove the system size effect, the number of particles were increased to 500, which led to increase the simulation box size to 20ϫ 20ϫ 20. Critical exponent calculated in this work via least squares fit of the coexistence data using Eq. ͑13͒ is far from twodimensional Ising value, 1 / 8. It is argued that finite size scaling 38, 39 is necessary for such calculation as shown by Müller and MacDowell for thin-thick film, 36 however, a thorough analysis of critical properties of the current system via finite size scaling is reserved for a future study.
One of the objectives of this work was to use MD to obtain phase densities, pressure tensor components, and boundary tension. Figure 7 presents the pressure components profile along the x direction for wall-fluid interaction wf = 3.0 at T * = 0.62 and 0.68. Pressure components P xx and P yy are observed to agree with each other within the thin-and thick-film phases. Noise level in the simulated data is more for the case of thick-film as expected due to higher surface density. Near the thin-thick interface we observe a sharp change in the sign of P yy . The difference in the two components near the interface contributes to the boundary tension ͓see Eq. ͑10͔͒. Consequently, increase in the difference of pressure components increases the boundary tension. In Fig.  7 , we can observe that the difference is greater at lower temperature. We further analyzed the contribution to the boundary tension as a function of the distance perpendicular to the substrate ͑i.e., along the z direction͒. We observed that the behavior ͑figure not shown͒ is similar to the nature of density profiles ͑see Fig. 6͒ . Contribution to the boundary tension is significant only by the first two layers of the inho- FIG. 6 . Plot of density profile of thin-thick film for varied wall-fluid interaction strengths at temperature T * = 0.68. Upper region presents the density profile of thick film, whereas the lower region displays the density profile of thin film. 
Surface coexistence densities for thick ͑N / A͒ l and thin ͑N / A͒ v films are calculated for a system size L x ϫ L y = 81. For higher temperatures ͑T * ജ 0.74͒, a system size of L x ϫ L y = 400 was used for coexistence density calculations. The errors are not indicated, where the error is an order of magnitude smaller than the last significant digit. mogeneous film. Increase in the temperature ͑T * Ͻ T * cpw ͒ does reduce the contribution from each layer of the film; however, the behavior is still akin to the density profile at higher temperature. Figure 8 presents the pressure component perpendicular ͑P * xx = P * = P 3 / f f ͒ to the thin-thick film interface ͑i.e., saturation pressure via MD͒ and compares with that from GC-TMMC. The data are being plotted in a Clausius-Clayperon form. The results from MD and GC-TMMC are in excellent agreement. Equilibrium pressure decreases as the wall affinity increases. Slope of the curve, however, is not sensitive to the wall-fluid affinity. Figure 9 presents the surface density profile ͑N / A͒ versus inhomogeneous axis ͑i.e., L x ͒ for the two coexistence phases. Isotherms are being plotted for a constant wall-fluid interaction. Akin to vapor-liquid transition, we observe a similar behavior in the density profile of thin-thick film transition. Sharpness of the interface decreases with the increase in the temperature, which indicates the increase in the interfacial width. Similar to vapor-liquid interfacial tension, one can connect the interfacial width with the boundary tension; boundary tension should go to zero as the interfacial width approaches to infinity ͑at prewetting critical temperature͒. Figure 10 presents the surface density profile for various wall-fluid affinities at a constant temperature. Effect on the interfacial width is not as drastic as we observed in Fig. 9 . Nevertheless, we can see that thick-film density decreases with increase of the wall-fluid affinity, as also seen from Fig.  5 of the surface phase coexistence. Because of the change in the thick-film density, interfacial width appears to decrease ͑calculation is not shown͒ with the increase in the wall-fluid affinity.
We took two approaches to investigate the influence of wall-fluid affinity on the behavior of boundary tension. Binder's formalism is employed to calculate the boundary tension of the infinite system size from a set of finite system size calculations. Since the wall-fluid affinity, wf = 3, exhibits the prewetting phenomenon, the value of wf = 3 is selected to explore size effects of the system. Figure 11 presents the finite size scaling plot of boundary tension values for temperatures T * = 0.68 and 0.72. Scaling behavior is found to be linear as also observed by Errington for model argon on solid carbon dioxide system. of thin-thick films for two different wall-fluid strengths. The data summarized in Table III are generated using GC-TMMC+ FSS and MD. The agreement between two methods is excellent. Boundary tension of thin-thick SW films decreases with increase of the temperature, similar to vapor-liquid bulk surface tension; however, at a constant temperature boundary tension increases with decrease in the wall-fluid affinity. The decreasing value of boundary tension can be attributed to lower free energy of the two-phase system with respect to the interface as the wall-fluid affinity increases at a constant temperature. We have observed that, for the current set of parameters, interfacial free energy does not scale with the system size as dramatically as for the bulk system, leading to the requirement of very precise calculation ͑extensive sampling͒ for the finite size scaling. Hence, in practice, for the current system, MD method is found to be more effective than GC-TMMC+ FSS for calculating interfacial properties especially at lower temperature.
IV. CONCLUSION
We studied the first order wetting transition of a SW fluid system using GC-TMMC and MD methods. In this work we investigate the effects of wall-fluid interaction on the prewetting transition and boundary tension. Surface phase-coexistence calculation was done using GC-TMMC. Saturation pressure and boundary tension via both methods are in good agreement. Prewetting transition is being observed for wf in the range of 2.5-4.0. We observe increase in the prewetting critical temperature and density with the decrease of the surface affinity. Layering behavior is observed at higher wall-fluid affinity. We further investigated the usefulness of two molecular simulation methods for calculating the boundary tension. We observed that MD route is computationally more suitable for the calculation of boundary tension, for the present system, especially at lower temperature. Boundary tension increases with the decrease in temperature. Increase in the surface wall affinity reduces the boundary tension. 
